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AN ANNlTLAR TURBOJXT COMBUSTOR WITH VAPOR FUEL 

By C a r l  T. Norgren and J. Howard C h i l d s  

SUMMARY 

A direct-connect  duct  investigation was conducted w i t h  a one- 
quarter segment of a 2e-inch-diameter annular conbustor which had been 
previously developed f o r  liquid fuel  injection. This ccrmbustor was 
modified by changing the fuel   injectors  am3 the lfner design for vapor 
f u e l  injection. A t o t a l  of 11 f u e l  injection schemes and 2 liner air- 
entry  hole patterns were investigated as w e l l  as a liner designed f o r  
low pressure drop. Values quoted subsequently  for simulated flight 
performance refer  to  operation of the combustor in  a typical 5.2 pres- 
sure  ratio  turbojet  a t  a flight Mach rider of 0.6. 

The combustor giving highest conibustion efficiencies (model 141) 
produced efficiencies above 98 percent at  a l t i tudes  rxp t o  61,000 f ee t  
a t  cruise (85 percent rated) engine  speed. Increasing the air flow rate 
through this c d u s t o r  t o  a value 69 'percent above current  design  prac- 
t i c e  resulted i n  no appreciable  effect on cdus t ion   e f f i c i ency  a t  
56,000 f ee t  at cruise speed. H m v e r ,  the outlet  temperature prof i le  
f o r  this combustor was unsatisfactory, and the pressure drop through the 
combustor was approximately  twice as great as  far many production-model 
combustors. 

The conibustor designed f o r  low pressure drop (model 151) gave a 
pressure drop only 60 percent of that fo r  model 141, but the conibustion 
efficiency of this combustor w a s  low. The data indicate that combustion 
efficiency could be improved by a l i ne r  d e s i g n  change t o  increase the 
amount of air entering  the primary combustion zone. 

LNTRODU(=TION 

A general  research program is i n  progress at  the WCA Lewis lab- 
oratory to  determine design c r i t e r i a  f o r  turbojet  conibustors. One 
objective of this general program is  the development of combustors tha t  
operate  efficiently a t  lower pressures and a t  higher air flow rates, as 
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pointed  out  in  reference 1. The experimental combustor described i n  
reference 1 operated with a higher  cmibustion  efficiency  at-severe con- 
dit ions when using vapor fuel  than when using  l iquid  fuel despite the 
f a c t  that the c d u s t o r  was originally developed to  obtain high perform- 
ance wtth l iquid  fuel.  No attempt was made in  reference 1 t o  optfmize 
the c d u s t o r  design for handling vapor fuel.  

The research  reported  herein is a continuation of the work of r e f -  
erence 1. The f i rs t  objective of the research was t o  Improve the com- 
bustor of reference 1 to  obtain  higher combustion efficiencies  with 
vapor fuel. The second objective was t o  reduce the conibustor pressure 
lose, since the total-pressure loss through-the contbustor of reference 1 
was approximately  twice as high as the  pressure  losses  obtained with 
several  production mdel cambustors. 

r 

A direct-connect  duct  investigation was conducted with a one- 
quarter segment of & 2!3$inch-diameter annular turbojet  combustor using 
vapor fuel.  The data obtained with vapor f u e l  are believed  to  be  rep- 
resentative of the performance t o  be expected when a fuel  vaporizer is 
incorporated  into the canibustor. The initial colribustor configuration 
was identical   with the combustor of reference 1. The fuel FnJectors 
and the  air-entry  holes Fn the conbustor liner w e r e  a l tered so that the 
combustor was better adapted for operation  with vapor fuel .  A t o t a l  of 
11 fuel   in ject ion schemes and 2 air-entry  hole  patterns w e r e  investigated. 1 

A new conbustor liner designed f o r  low prespure drop was also  included 
i n  this investigation. 

m 

The operating  conditions  investigated  included low pressure condi- 
t ions  typical  of high-altitude,  reduced-throttle f l i g h t  and a i r  flow 
rates  per unit cambustor frontal area which:  are typical of current 
engine  design  practice  and 69 percent above' current practice. The data 
presented include conibustion efficiencies, pressure losses, and 
combustor-outlet  temperature prof i les  over a range  of fuel-air   ra t ios .  
The performance data are compared with similar data f o r  the conibustor 
of reference 1. . .  

Instal la t ion and Instrumentation 

The cambustor ins ta l la t ion  and instrumentation were identical  with 
those of reference 1. A diagram o f t h e  combustor installation i s  sham i n  
figure 1. The  cmibwtor-.inlet and conibwtor-outlet  ducts were connected 
t o  the laboratory air supply and low-presswe  exhaust systems, respec- 
t ively.  A i r  flow rates and  conibustor pressures were regulated by I 

remote-controlled valves  located upstream and downstream of the conibuetor. 
The conibustor in le t -a i r  temperature was controlled by an electric  heater.  . 

.I 
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. 
A i r  flow was metered by a  concentric-hole, sharp-edge or i f ice  

installed  according t o  A.S.M.E. specifications. The vapor fuel flow 

pressure  t&es w e r e  located a t  the conibustor-inlet and -outlet  planes 
indicated in  figure 1. The nunher, type, and position of these ins t ru-  
ments a t  each of the planes  are  indicated in figure 2. The combustor- 
ou t l e t  thermocouples w e r e  l o c s t e d  at centers of equal areas in the  duct = 
Pressure tLibes w e r e  connected t o  absolute manometers; thermocowles, t o  
a recording  potentiometer. 

s rate was  metered by a calibrated sharp-edge orifice.  Thermocouples and 

The f u e l  used in this  investigation was vaporized commercial propane 
from the  laboratory  distribution system. 

Combustors 

Each conibustor was designed t o  f i t  into the same combustor housing, 
which consisted of .a 1/4 segment of a single-annulus colnbustor having an 
outside diameter of 2+ inches, an inside diameter of 19 inches, and a 
length f r o m  f u e l  atomizers t o  conibustor-outlet thermocouples of approxi- 
mately 23 inches. The ILyzxizllllzn conkustor  cross-sectional area was 
105 square  inches  (corresponding t o  420 sq in. for  the comglete 
conibustor) . 

A t o t a l  of three combustor liners was investigated. The first of 
these  liners,,  model l3, was fdentical  w i t h  the  conkustor of reference 1. 
A cutaway  view of the m o d e l  13 U n a  installea i n  the conibustor housing 
is  presented in  figure 3; figure 4 shows a longitudinal  cross-sectional 
view of this  liner; and figure 5 shows the arrangement of the air-entry 
holes in the liner. 

The model 14 l iner  resulted from design modifimtions t o  better 
adapt the co6bustor f o r  hanUSng vapor fuel. This mer (fig.  6 )  dlf- 
fered from the model 13 liner i n  two Important  respects: (1) the air- 
entry  holes at  the upstream end of the liner  w e r e  larger; and (2)  the 
radiation shield, which protects  the  fuel  injectors from flame radiation, 
was  perforated  to admit air into the cambustion zone in an ax ia l  
direction. 

The de ta i l s  of the model l5 liner, which was designed t o  give lcw 
pressure drop, axe presented Ln figure 7 The walls of the liner did 
not  diverge  as  did  those of models 14 and 15. The air-entry  holes in  
the walls of the model l5 liner w e r e  identical  with those in model 13. 

The f u e l  injectors were located i n  a  manifold a t  the upstream end 
of the conibustor and in jec ted   fue l   in  the downstream direction. Some of 
the combustors reported herein ut i l ized 10 fuel injectors, while others 
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ut i l ized  only 5 fuel   injectors .  To permit  operation with ei ther  5 or 
10 fuel   in jectors ,  a dual manifold (sham in f i g .  8) was used. The 
various  fuel  injectors which  were used in  this  investigation are shown 
in figure 9. These fuel   in jecturs  were designed t o  produce various  fuel 
dis t r ibut ion patterns. 

A t o t a l  of l l  fuel  injector  configurations and 3 combustor l i ne r  
configurations w a s  investigated;  these  are  tabulated and described i n  
table I. Each  combustor is given a numerical  designation to   indicate  
the liner  configuration (13, 14, or 15) followed by a l e t t e r  designa- 
tion to   indicate  the  fuel  injector  design. 

Conibustion efficiency and conibustor total-pressure loss data were 
recorded f o r  a range of fue l -a i r   ra t ios  at the following conditions: 

Test 

t ion  
a l t i tude  in ref- per unit area, i n l e t  total t o t a l  pressure, condi- 
Simulated  Flight A i r  flow rate Combustor  Conibustor inlet 

p i  , erence  engine, wJ+, t w e r a t u r e ,  
in. Hg abs cruise 'peed lb/( sec) (sq f t )  Ti ,  

OF 

A 

56,000 3162 2 68 15 E 
80,000 .714 268 5 C 
70, OOO 1-14 2 6B 8 B 
56,000 2-14 268 l.5 

These conditione  simulate  operation of the conibus$or i n  a reference 
turbojet  engine wbich is a typical  5 .2  pressure  ratio  turbojet  operating 
a t  a Mach nuniber of 0.6. The cruise  speed of the engine is assumed t o  
be 85 percent of the  rated  rotor speed. Test conditions A through C 
require air flow rates per unit conibustor frontal area which are typical  
of current turbodet  engines. Test condition E requires an air  flow r a t e  
which is 69 percent above current  practice. 

Colnbustion efficiency was collrputed as the percentage r a t i o  of actual 
to  theoret ical   increase i n  enthalpy from the conibustor-inlet to   the  
conibustor-outlet  instrumentation  planes using the method of  reference 2. 
For  calculation of combustor-outlet  enthalpy, the temgerature was computed 
as the arithmetic mean of the 30 out le t  thermocouple indications  for most 
of the data presented  herein. For a lfmited n w e r  of data  points  the 
average  condustor-outlet"  temperature was. computed from the  relation 

5 
N 
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which allows f o r  differences in mass flow at  the  various thermocouple 
locations. I n  this equation, Tav is  the average outlet  temgerature, 
Tn is the temperature  indication of a single one of the 30 outlet  
thermocouples, and m, is  the mss flaw rate through the portion of the 
duct in which th i s  thermocouple is located. N o  corrections were made 
for  radiation or velocity  effects on the thermocouple indications. 

Conkustor reference velocities w e r e  conputed from the a i r  mass flow 
rate,  the  conkustor-inlet  density, and the maximum coduetor cross- 
sectional  area (105 SQ-in.). The total-pressure loss WE ccanputed as 
the dFmensionless r a t io  of the  total-pressure loss to the  ccdustor ref- 
erence dynamic pressure. The rad ia l  distribution of temgeratures a t  the 
conhuttor  outlet was determined a t  each test  condition  investigated and 
at  two values of conibustpr temperature rise (approximately 680° and 
=SO0 F, the required values a t  85 and 100 percent  rated speed In the 
reference  turbo  jet  engine a t  altitudes above the tropopause). The tem- 
perature a t  each of the  f ive radial positions was computed as the aver- 
age of four thermocouple readings at  that radial position  (see  fig.  2(b)). 
The temperature rake a t  each side wall of the conibustor was not fncluded 
in  these  average  temgeratures  since the side walls exerted an Fnfluence 
on the flow pattern and the temperature m o f i l e  which would not be 
obtained i n  a f u l l  combustor annulus. 

The emerhuental data obtained i n  the direct-connect  duct  investi- 
gation of a one-quarter segment of a 25&inch annular  turbojet conibustor 
with vaxious fue l   in jec tors  and liner configurations  are presented i n  
table II. 

Accuracy and Reproducibility 

Figure 10 shows values of cdus t ion   e f f i c i ency  obtained w i t h  the 
model 13A conibustor at  test conditions B and C. The data from refer- 
ence 1 show values of conibustion efficiency  obtained  prior  to the begin- 
nLng of the  investigation  reported  herein. Colnbustion efficiencies 
o b t a W d   i n  check t e s t s  with this same c&ustor near the conclusion of 
the investigation  reported herein are also s h m  i n  the figure. The 
conibustion efficiencies  obtained near the conclusion of this investiga- 
t ion  average approxhately 5 percent higher than the  values  obtained a t  
the beginning of the Investigation. 

Figure 11 compazes the radial   d is t r lbut ion of out le t  temperatures 
obtained with the model l3A combustor i n  reference 1 and in  the check 
%ests with this same combustor near  the  conclusion of this investigation. 
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T h e  combustor-outlet  temperature profiles ob-tained i n  th i s  investigation 
were more uneven than  those  obtained i n  reference 1. Progressive warp- 
ing of the liner i s -be l ieved   to  have caused :this  effect..  Previous 
experience  has shown that  as the outlet  temgerature  distribution becomes 
more  uneven, the mass flow per unit area also becomes  more  uneven, with 
the mass flow per  unit  area varying inversely as the val1l- of tempera- 
ture. This means that an average  combustor-outlet  temperature computed 
from the  arithmetic mean of the var ious  thermocouple indications would 
be  erroneously high i n  those  cases where the temperature prof i le  was 
very uneven. Consequently, the combustion efficiencies of reference 1 
are  believed t o  be  reasonably  accurate; whereas those  obtained  near  the 
conclusion of the  investigation  me  believed  to  be  high because of the 
nonuniform outlet  temperature profiles . 

A t a  limited nuuiber of t e s t  conditions,  total-pressure tLibes were 
installed a t  the conibustor out le t   to  measure the radial   distribution of 
mss flow across  the colnbustor outlet, and appropriate  corrections were 
made to   the  thermocouple indications  to  allow f o r  variations in mass 
flow by each  thermocouple. The conibus-tTon-efficiencies ccmrputed from 
these  corrected  values of outlet  temperature were lower than  those com- 
puted from the  temperatures  based on the simple arithmetic mean of the 
thermocouple indications. The folluwing table s h a ~ ~  a comparison of 
conibustion efficienciea camputed.by these two methods for  combustor 141: 

Test 

Uncorrected Col-yected for  Uncorrected for   t ion  
condi - 

Conibus tion  efficiency Average outlet  temperature, % 
Corrected 

flow distribution  for flow fo r  flaw flow distribution 
distribution  distribution 

C 

100 0 107 - 8 9 18 950 E 
83.1 87.6 1286 1340 c 
85.5 88.1 llo9 1140 C 
81.9 85.7  875 902 

The cambustion efficiencies  reported  herein  are  values which have 
not been corrected for mass-flow distribution  except where otherwise 
noted;  these  uncorrected  co&ustion  efficiencies  cannot  be  considered 
accurate, inasmuch as they may be too high by as much as 2.0 t o  8 per- 
cent a t  the various test conditions. The values are  nevertheless  eig- 
nfficant  kince  they show the  relative performance of varioua conbustor 
designs, pwticular ly  f o r  designs investigated  near  the same time  during 
the program. 

5 
N 

Combustion EZf iciency 

Effect of f u e l  injectors. - Values of cbmbustion efficiency  obtained 
with the model 15 conibustor and vmious fuel in jec tors   a t  tes-b condition C u 
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are  sham in  f igure 12. The curves of f igure 12 were taken from the 
appendix, which presents more detailed  efficiency data for  these various 
combustors. Only the data of figure 12 need be considered in comparing 
the performance of these  cWustors.  This comparison shows that the 
highest combustion efficiencies were obtained  throughout most of the 
f uel-air r a t i o  range  Kith conibustor 131. This cmfbustor employed f i v e  
f u e l  injectors, each consisting of a simple sharpedge  orifice  (table I). 
The additional data of the appendix also show co&ustor 131 t o  be equal 
to ,  or better than, the various  other conibustors a t  the other test con- 
di t ions investigated.  Figure 13 shows a comparfson of the combustion 
efficiencies  obtained with the model 131 cmibustor with the efficiencies 
obtained with the m o d e l  l3.A c d u s t o r  a t  test condition C- The b t a  
presented  for  the m o d e l  13A ccmibustor are the data obtained near the 
conclusion of this investigation (fig. 10) rather  than the data from 
reference 1. The data of figure 13 are therefore comparable f o r  the 
two combustors, since  they were investigated  near the same t h e .  The 
model 131 conhustor gave efficiencies 3 t o  6 percent above the eff i- 
ciencies  obtained with model l3A. This b p r o v m n t  in perfornrance was 
obtained by modifying the  fuel  injectors so that they w e r e  better adapted 
f o r  handling vapor fuel.  

Effect of air-entry  holes. - Conbustion efficiencies  obtained wlth 
the model 141 conbustor are presented in  figure 14. The curve f o r  the 
model131 combustor i s  included  for comparison. The model 141 conibustor 
gave combustion efficiencies approxfmately 5 percent above those of the 
model I31 c&ustor  throughout the range of fuel-air   ratios a t  test 
condition C. This Fmprovement i n  performance is the result of revising 
the liner air-entry  holes f o r  better operation with vapor fuel.  Since 
only two liner air-entry hole  patterns were investigated (models 13 and 
14), the optimum air-entry  hole  pattern was not  established. 

A rough indication of whether further imgrovements in  efficiency 
might be obtained by additional air-entry  hole  modifications was 
obtained  by  operating the model 141: confbustor with sir injection in f i v e  
of the  fuel  injectors.  During these  tests,  therefore, fuel and air 
entered the conibustor through alternate f u e l  injectors. The t o t a l  flow 
rate f o r  the a i r   in jec t ion  was 0.042 pound per second. With air  injec- 
t ion  the model 14I conf&ustor  produced efficiencies  approximately 5 per- 
cent above the values obtained i n  model 14I conibustor with no air  injec- 
tion. This performance of the m o d e l  141 cambustor with air  injection 
may be indica t ive  of the performance which may be obtainable  with 
further changes in the liner air-entry  holes. 
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Since  the model l3A connbustor was developed in  reference 1 to give 
high performance with liquid fuel ,  the liner was near &II optimum design 
for l iquid  fuel.  The data obtained with the model 141 conbustor there- 
fore  indicate  that   the liner air-entry  hole arrangement should  be  quite 
different  for vapor fuel and for l iquid fuel. With vapor fuel  injection, 
a greater  portion of t he   t o t a l  air should be entered  through liner per- 
forations near the upstream end of the  codmator. 

Summary of effect  of several  design  variables. - T h e  effects of 
some of the more important  design  variables on conibustion efficiency  are r- 
sham i n  the  following  table, which conpareg efficfencies  at  fixed 03 
operating  conditions of four  dffferent  conbistors: 

to 
cu 

Description of conhustor 

Combustor developed t o  
give high efficiency  with 
l iquid  fuel  
Same combustor using vapor 
fuel  injected through 
liquid-fuel  injectors 

Fue l  injectors  adapted 
for  vapor f u e l  

Liner  air-entry  holes 
adapted fo r  vapor fue l  

Model Combustion efficiency at  
ltest condition C j  AT, 680' F 

1% 

1% 

I31 

141 

54a 

76 5a 
79.5b 

84. Sb 

89. Sb 

&Data from reference 1. 
bThese values w e  high by  about 3.5 percent. 

Effect of liner shape. - Conibustion efficiencies  obtained  with  the 
model 151 combustor are  presented i n  figure 15. The curve for  the model 
131 coIIlbustor is  again  included  for comparison. The fuel injectors and 
the liner  air-entry  hole  patterns were identical  for these two conibus- 
tors .  The only  difference between these conibustors was the shape of the 
combustor l iner .  The model 151 conbustor  produced  a much lower pressure 
drop through  the conibustor than did the model 131 combustor, a s  all be 
subsequently  discussed. Because of the  design changes ut i l ized  to   obtain 
the  lower pressure drop for  the model151 combustor, the air flow through 
each of the  air-entry  holes i n  the upstream end of the c d u s t o r  would be 
expected t o  be less than the flow through these same Boles in   the  model 
131 combustor. It might be  expected, therefore, that the prFmary  zone 
of the model 151 c d u s t o r  would operate  fuel-rich. The data of f ig -  
ure 15 indicate   this   to  be the  fact,  since the conibustion efficiencies 
obtained with the model 151 combustor are very much lower than  the  effi-  
ciencies  obtained with the model 131 cor&ustor, particularly a t  the 
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higher fuel-air   ra t ios  The marked decrease in c d u s t i o n  effi.ciency 
acconganyhg  an increase in fuel-air   ratio,  which is noted for the model 
151 combustor, is believed  typical of carbustors which have a pr-y 
zone designed t o  operate  fuel-rich. 

From the  foregoing  considerations it would be exgected that the 
efficiency of the model 151 combustor can be improved by  additional  air  
i n  the primasy zone. This was accomplished by  a i r   in ject ion through 
half the fuel  nozzles. Two afr injection  rates were investigated, w i t h  
the higher injection r a t e  producing the highest efficiencies  (fig. E). 
With the higher r a t e  of a i r  injection the cdus t ion   e f f i c i enc ie s  
obtained  with  the model 151 cceilbustor were only about 6 percent below 
those  obtained  with  the model 131 c&ustor a t  the single Ugh value of 
fue l -a i r  r a t i o  investigated. These results indicate that sribstaatial 
hqrovements in conibustion efficiency of the model 151 combustor may be 
effectedby changing the design of the air-entry  holes in the codustor 
l iner .  

Correlation of canibustion efficiency on mdel 141 conibustor. - The 
combustion efficiencies of the model 141 cafbustor, which gave the 
highest  efficiencies of the various combustors investigated,  are  plotted 
i n  figure 16 as a function of the canbustion  parameter Vr/piTi (ref. 3) . 
A similar correlation  curve for the m o d e l  13A combustor from reference 1 
is included  for comparison. The tailed symbols i n  figure 16 indicate 
data corrected  for flaw distribution. The curve is drawn through the 
corrected data points  for the standard  velocity  conditions  (test condi- 
t ions  A and C) . A s  previously mentioned, the data of reference 1 are 
believed t o  be  correct, so the  curves for   the two conbustors are com- 
parable. The correlation is presented  for a shgle value of conbustor 
temperature rise, 6800 F, w h i c h  is  the value of temperature rise  required 
f o r  operation a t  85 percent rated sgeed a t  alt i tudes above the tropo- 
pause. T h i s  value of required  temgerature  rise was obtained from engine 
performance curves which were extrapolated  to  the higher al t i tude con- 
ditfons by assuming constant  efficiencies of engine cwonents  other 
than the  codustor.  

The ccanparison in figure 16 shows that m o d e l  141 coItibustor pro- 
duced combustion efficiencies  as much &B 9 percent above those  obtained 
with the model 13A cozfbustor a t  severe  operating  conditions. 

Estimated f l ight  performance. - Figure 17 presents  the  esthated 
conibustion efficiency  (corrected  values) of the m o d e l  141 combustor a t  
various f l igh t  conditions i n  the reference  turbojet engine; these 
curves w e r e  obtained  by using the data of figure 16. For  each  value of 
conbustion  efficiency, the value of the cofiustion parameter was read 

ducFng each of these values of the c d u s t i o n  parameter w e r e  next deter- 
mined from the engine performance curves fo r  the reference  engine. 

e' from the  curve of f igure 16. The f l igh t   a l t i tude  and engine  speed  pro- 

* 
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These f l igh t   a l t i tude8  and engine speeds were then  plotted  to  give  the 
constant-efficiency l h e s  of fLgure 17. 

The curves of figure 1 7  are limited to   t he  range of engine  speeds 
from 80 to 100 percent rated speed. For tb.i.6 ra3lge of engine  speeds the 
required  conbustor  temperature r ise  varied $ram 550° t o  U 8 O o  F and the 
cdus t ion   e f f i c i ency  varied less than 3 percent  for this  range of corn- 
bustor t q e r a t u r e  rise. The use of figure 16, which W&S derived  for a 
single  value ( 680° F) of teqperature rise, 4s therefore v a l i d  f o r   t h i s  
limited range of e-e speed. 

The  two data polnts in figure 1 7  a t  85 .sercent  rated speed rep- 
resent actual  experimental data f o r  the test conditions simulating 
flight operation a t  the conditions  indicated on the figure. The combus- 
t ion  eff ic iencies  listed beside each of these two data points match w e l l  
wi th  the  values expected from intergolation :between the  curves of f ig- 
ure 17. The curves of figure 1 7  show that the model 141 conibustor 
operated a t  efficiencies above 98 percent up t o  a simulated al t i tude of 
61,000 feet a t  cruise (85 percent-rated) engine speed. 

High a i r  flow rates.  - Figure 18 shows values of conibuetion e f f i -  
ciency  obtained with the model 141 co&ustor a t  air flow rates typical  
of current  practice and 69 percent above current  design  practice. A t  
these test conditions  (Pi = 15 in. Hg and T i  268O F, sfmulating 
operation of the conibustor i n  the reference  engine at 56,000 feet and 
85 percent rat& speed), no detrimental  effect on conibustion efficiency 
was noted  over most  of the range of fuel-air   ra t ios  as a result of 
increasing  the air flow rate .  

The data of figure 18, showing no iuarked effect on codustion effi- 
ciency due t o  an increase i n  air flow rate (velocity) of 69 percent, are 
not i n  accord with the correlation of f igure 16. For this increase in 
velocity of 69 percent, figure 16 indicates that a decrease i n  combustion 
efficiency of 5 percent should occur.  Since t h i s  decrease did not occur, 
the data point for test condition E in figure 16 falls about 5 percent 
above the curve. This discrepancy  indicates that the parameter Vr/piTi 
does not  properly  allow  for  the  effect  ofvelocity on this particular 
confbustor . 

Combustor-Outlet Temgerature Profiles 

Figure 19 shows typical  distributions of temperatures a t  the com- 
bustor  outlet far the model 141 and 151 conibustors. The radial distri- 
bution of temperatures w i t h  the model 141: coEbustor (fig. 19(a) ) was 
much less uniform than the values  obtained in  reference 1; a curve for  
the model 1 3 A  conbustor from reference 1 is  Fncluded in  figure 19(a)  for 
comparison. The model 141 co&ustor employed the same secondary zone 

PC 
M a cu 
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. 
air-entry  hole  pattern as did  the m o d e l  l 3 A  conbustor, and reference 1 
pointed out that the  outlet  temperature  profile was determined primarily 
by  the  arrangement of secondary air-entry holes in this conibustor. The 
difference in  tenperatwe  profiles  noted f o r  these two conibustors is 
therefore  believed  to be caused prfmarily  by  the warping of the conibus- 
tor l iner,  which occurred gradually throughout  the t e s t  program 
reported  herein. 

The outlet  tPmgerature profiles  obtained  with mdel 141 conbustor 
w e r e  not  considered  satisfactory,  since  they devia te  markedly from the 
desired  temperature  distribution  indicated  by  the dashed line in fig- 
ure 19(a). The temperature  distribution  obtained w i t h  the model 151 
conibustor (fig.  19(b)) also deviates  widely f r o m  the  desired  pattern 
of temperatures; no attempt was  made In the  investigation  reported 
here- t o  remedy this temperature  profile by combustor design  changes. 

Pressure Losses 

The total-pressure drop  through  the conibustors at test   condition C 
for  a  range of density  ratios  (corresponding  to a range of fuel-air  
ra t ios )  is presented in figure 20. Since  the measured pressure drop 
through the model 13 and model 14 c d u s t o r s  was the same as  that 
reported in  reference 1 fo r  the d e l  13 conkustor, a single curve from 
reference l i s  included in   f igure  20 t o  represent the pressure drop 
through  these conibustors. ExperLmental data are shown f o r  the model 151 
c d u s t o r .  T h i s  collibustor was designed for low pressure drop, and f ig-  
ure 20 shows that the  pressure drop through the model151 c-ustor was 
only 60 percent of the  value f o r  models 13 and 14. The pressure loss 
through  the model 151 conbustor  coqmres  favorably  with  the values 
obtained i n  many of the current production m d e l  canibustors. 

The lower pressure drop of the model 151 combustor was achieved by 
designing  the liner so that the walls did not diverge as in prevtous 
models. This  allowed a greater flow area f o r  t h e   a i r  passing around the 
liner and entering the liner through the  large  secondary  air-entry  holes. 
It had been noted in appendix A of reference 1 that the high pressure 
drop of the previous colnbustor mdels was probably due t o  the flow 
res t r ic t ion  imposed on t h e   s e c o n k y  air i n  the flow passages outside 
the l iner .  The l o w  pressure drop of the model 151 conibustor serves to 
confirm th i s  mothesis. 

SUMMARY  OF RESULTS 

A n  investigation was conducted i n  an annular  turbodet combustor t o  
improve c d u s t i o n  performance a t  low pressures and a high air flow  rate. 
The design of fuel  injectors,   l iner  afr  openings, and liner geometries 
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was altered. The conibustion efficiencies quoted in  this section of the 
report have  been carrected for mass flow distribution a% the ca.&ustar 
outlet-. The values  quoted f o r  simulated f l i g h t  performance refer t o  
operation of the canibustor i n  a typical 5.2 gressure rat io   turbojet  
engine a t  a f l i g h t  Mach  number of 0.6. The followin@; resu l t s  were 
obtained: 

1. The combustor giving  highest conibustion, efficiencies (model 141) 
produced efficiencies above 98 percent a t  a l t i tudes up t o  61,000 f e e t  a t  
c ru i se  (85 percent rated) engine  speed. A t  conditions  simulating  cruise 
a t  56,000 feet ,  no &!d ef fec t  on performance resulted from increasing 
the a i r  flow rate t o  a value 69 percent. above current  design  practice. 
However, this conibustor produced an  unsatisfactory radial dis t r ibut ion 
of co&ustor-outlet  temperatures, and the pressure loss was twice as 
great as the  value  encountered with many current  production model 
conbus tors  . 

2 .  The  combustor designed t o  produce low prepsure  drop (model l51) 
gave a combustor pressure loss only 60 percent as great as that obtained 
with the model 141 combustor. However, the combustion efficiencies of 
this combustor  were considerably .lower than those  obtained with model.141. 
The data indicate that the model151 combustor requires  modification t o  
increase  the mount of air   entering the primary zone  of the combustor Fn 
order t o  improve combustion efficiencies above the values  reported  herein. 

3. A comparison of the combustion efficiencies  obtained at operating 
conditions sFmulating cruise a t  80,000 feet with different conibustora 
shows Fmprovements obtained as a resu l t  of changing various des ign  fea- 
tures as follows : 

(a) Increase i n  conibustion efficiency of approximately 22 per- 
cent by changing from l iqu id   t o  vapor fuel injection i n  
a combustor  (model l3A) which had been developed for 
l iquid  fuel  

(b) Additional  increase in efficiency of 5 percent  by changing 
the f u e l  injectors so that   they were bet ter  ada,pted far 
hanuin@: vapor fue l  ( d e l  131) 

( c )  Addltimal increase  in  efficiency of 5 percent  by changing 
the liner air-ehtry  holes so that they w e r e  better adapted 
fo r  vapor fue l  (model 141) 

* -  
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The over-all resu l t  of these  mdifications was to increase  the conibus- 
t i o n  efficiency from 54 percent t o  86 percent a t  this t e s t  condition. 

* 

Lewis Flight Propulsion Laboratory 

Cleveland, Ohio 
National  Advisory Connnittee f o r  Aeronautics 



The colribustion efficiencies  cbtained with the model 13 and model 14 
c&ustors w-ith various fuel  injectors are presented i n  figures 2 1  and 
22, respectively. The curves from figure 2 1  for   tes t   condi t ion C Were 
compared in  f igure 12 where model I31 waa s h m  to provide  the  highest 
efficiencies over most of the  fuel-air   ratio range. Comparing the   e f f i -  
ciencies of these combustors a t  other test conditions  leads t o  the same 
conclusion; namely, combustor model 131 is equal t o  or  better  than  the 
various other conibustors of figure 21. 

It was shown with c d u s t o r  model 13 (figs.  21( e) and 2 1 ( f ) )  thELt 
conibustion efficiency  increased  as the fuel  injector  orifice diameter 
was increased  for the three  orifice sizes investigated. It therefore 
appeared possible  that a further increase in fuel  orifice  size might 
r e su l t   i n  further gaFns in efficiency. T h i s  possibil i ty was investi- 
gated. by  using larger orifices in the m o d e l  14 cogibus.tor  (model 14K). - 
The results are shown in  f igure 22, where the  efficienciee of the 
model 114K combustor are compared with thos-e of model 141. The com- 
parison indicates that a further increase- in , fue l   o r i f ice   s ize  w a s  not 
benef icia3. 

REFERENCES 

3. Childs, J. Howard: PreUminaxy Correlation of Efficiency of A i r c r a f t  
Gas-Turbine Conibustors for Different Operating  Conditions. NACA 
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TABLE I. - SUMf4ARY OF CONFIQLTRATIONS INVESTIGATED "!! 
K o d i f i -  
ca t ion 

Combustor pl 
model 

injector1 

Description of i n j ec to r s  

30 gal/hr, 60' s u i r l -  
tpge pressure  atomizera; 
i den t i ca l  t o  model 13 

r e f .  1 
combustor reported in 

Each inJector   consis ted 
of a 0.01-In.  wide 8 l O t  
designed  to  produce a 
fan-shaped je t  of vapor 
mel. Injectors  were 
oriented so that vapor 
fans were in   p l anes  
passhg r a d l a l l y  thrcugh 
center  of combustor. 

In j ec to r  similar i n  

m o d e l  13B except slot 
design  to   those of 

width nas increased 
and shape of s l o t  
w a s  changed. 

Fan in j ec to r s   i den t i ca l  
t o  those used   in  model 

indec tors   tha t   in jec ted  
1 3 C  and extended  fan 

f u e l  at a point  appraxi- 
mately 1I in. downstream 

2 

Fan i n j e c t o r s   l a e n t i c a l  
t o  those  used in model 
1 3 C  

Injectors  w e r e  used 
w i t h  two slot8 oriented 
t o   p r d u c e  a fan-ahapad 

a t  right angles t o  main 
j e t  of vapor In   planes 

axle of combustor. 

Injectors  sFmi lar  to 
those used in model 
l3F, except fuel h j e c -  

c lose r  t o  upstream end 
t l o n   s l o t s  were loca ted  

of combustor. 
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i ca t ion  

TABLE I. - SUMMARY OF CCNFI(HTRATI0NS wvilsTIaATED - Concluded t 

13H 

14I 

14K 

151 

3f fuel 
Lnjectors 

5. I 

5 1  

Deacription of In jec tors  

Injectors   consis ted of 
a simple sharp-cage 
o r i f i c e  5/64 i n .   i n  
Mameter. 

< 

InJectors  conelated of 
a simple sharp-edge 

diameter. 
o r i f i c e  7/64 i n .   i n  

Injectors similar t o  
thoae used i n  model 

generators were added 
131, e m e p t  swirl 

l n  t h e   i n j e c t o r s   t o  
g i v e   I n j e c t o r   a M l a r  
t o  8tandard swirl- 
type l iqu id  atoznizer. 

I n j e c t o r s   i d e n t i c a l   t o  
t h o s e   u e U   i n  model l31 

~ ~~ 

Injectors   conais ted of 
a simple  sharg-edge 

diameter. 
o r i f i c e  1/8 i n .   i n  

InJectora i d e n t i o a l   t o  
those  used in model 131 

InJector 

reierencc 
d e t a l l  

t o  fl.g. I 

9 (91 

90 

t " 
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I 
Model 13B 

w 
542 

5.0 

297 .45 80.8 ,755 1475 .Ol22 22.5 70.5 .700 
297 .43 72.5 810 1558 . O M 9  27.4 79.1 -700 . 5 l l  728 544 

-511 722 
297 A 7  62.1 668 l390 -0106 19.5  78.5 .700 

5c5 
.sll 722 

0.703 0.513 728 79.4 z s w a  0 . a  73.8 sss 0.009s 17.9 

H o d e l  TJC 

728 
727 
722 
726 
72.3 
724 
724 

722 
729 

726 
72E 
724 
727 

728 
723 

80.7 
80.4 
79.8 
80.5 
80.8 
81-4 
80.2 

80.0 
80.8 

80.4 
80.3 
79.8 
80.6 

80.5 
80.0 

-- 
303 -51 

302 0.44 

laexlo "- 
301 

302 .sL 
302 -55 

508 .50 
302 .46 

-67 189 
-72 189 
-75 188 
-78 187 
-79 188 
.84 la9 

.5a  302 

545 8.0 
546 5.0 
547 5.0 

554 8.0 

556 
557 8.05 
558 8.0 

" - 
" - 
16.1 

.0137 4l.6 

.0115 34.3 

. w 9 4  28.4 

.0076 22.9 

.M21 41.5 

.ole3 34.3 

.01a 27.9 

. a 2  22.3 
-0122 22.9 
.01w 16.7 

0.0086 

58.6 -0195 
47.7 -0159 

I _ "  " -  
1270 

86.1 795 1523 
80.6 623 l349 
82.0 549 

98.4  584  1310 
76.1 l a 2  1934 
85.8 U P  1850 
86.5 956 1680 
82.4 707 1431 

xu1 824 94.5 
1659 932 90.4 

l966 1240 87.9 
1769 1046 88.8 

1432 97.7 ms 

7 s  
726 
729 
727 
728 
729 

726 
727 

728 

728 
728 

720 
725 
727 
726 
727 
728 
724 
727 
728 

17.5 

Z5.1 
20.8 

27.9 
30.8 
54.2 
38.1 
22.7 
27.9 
35.5 
42.6 
50.5 
60.5 
71.2 
82.8 
96.6 
.l4.3 
.45.9 
m.2 
.71-8 

15E 
- 

1274 

1527 
1387 

1644 
1756 
1859 
Is47 

14l7 
1281 

1585 
1705 
1834 
1992 
1293 
1592 
1487 
1630 
1768 
IS07 
1958 - 

548 
661 

917 
79 8 

1028 uso 
1220 
555 
689 
a37 

l l O 6  
877 

1287 
566 
666 
760 

1064 
904 

n.80 
1250 - 

76.1 

79 .I 
78.0 

82.7 
84.7 
85.0 
85.2 
91.1 
96.8 
93.5 
92.4 
89.3 

96.0 
87.0 

98.7 
99 -8 

100.2 
94.2 
93.7 
93 -4  - 

0.523  0.716 
-523 .717 - 521 . n 4  
-522 . ns .a -715 
* 522  .715 .521 
-838 1.149 

-714 

-857 1.1M 
-832 1.14l 

-831 1.140 
.833 1.142 

2.612  3.578 
.EM) 1.156 

2.629 3.601 
2.641 3.616 
2.647 3.626 
2.650 3.830 
2.627 3.599 
2.633 3.603 

80.9 
81 .o 
81.0 
80.9 
80.7 
81.1 
80.8 

81.0 
79.9 

80.6 
80.7 
80.5 
80.1 

143.7 
143 -9  

144.1 
lU.6 
144 -5 
142.1 
14l .9 

Mode 

-0162 

.0142 

.0168 
-0232 

. m 7  

-0152 
-0172 

- 
505 
616 
704 

927 
774 

1070 
1l94 

682 
796 
917 

1047 nT3 n2D 
439 
577 
666 
758 
916 

1087 
12l6 
l346 

- 
94.3 
5a-1 

101.4 
96.3 
95.5 
91.2 
08.4 
78.1 
78.9 

80.8 
79.2 

- 
1230 
1340 
1430 
LMKl 
1655 
le00 
1925 
lux) 
1625 
1850 
1760 
1900 
1850 
1170 
1305 
1- 
1490 
1645 
1795 
1945 
a075 

-- 
169 --- 170 -I- 

169 - 170 -- 169x10 

--- 169 
" 303 - 305 -- 303 - 303 - 

188 - 188 -- 188 " 

190 "" 

188 - 18s - la9 - 188 - s03 - 301 

-- 1m 

-522 

727 
730 
731 
728 
732 
751 
729 
728 
729 

.5i9 
-521 
-831 . -2 
.e32 .830 
.e36 

-829 
-832 

. 7 l l  

1.14l 
1.139 

1.138 
1.141 

1.149 
1.161 
1.137 

. 

. n 4  
80.5 
89.9 
83.9 
87.2 
88.4 
89.3 
89.3 
88.3 

87.2 

~~~ 

87.9 

6.0 
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in. Hg 

"" "- 
"-I- "- _"" 1 ""_ ""- 
""I ""- 
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!1 
.8 
!1 
!o 
!o 
.a 
5. 
3 
3 
J. 
,2 
,U 
i9 

80.4 
80.6 
80.8 
80.2 
80.2 

81.8 
79.8 

81.0 
81.9 

81.6 
8 l . 2  

80.8 
81.4 

81 .o 
144.5 

144.6 
145.5 

144.6 
142.5 
146.5 

17.4 
21.7 
26.0 

53.1 
26.8 

41.7 

27.0 
20.9 

51.2 
36.1 
4.3.1 
51.5 
59 .9 
73.2 
66.4 
81.0 

105.6 
w . 7  
L63.4 
Le9 .7  

582 

810 
724 

899 
974 

5 l Q  
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643 
750 
799 
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9 u  

ll.69 
1268 
582 
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705 
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958 
920 - 

81.2 
61.6 
80.6 
76.2 

53.8 
74.7 

94.7 

82.8 
95.6 

91 .o 
88.9 

81.3 
84.8 

70.8 
106.5 
107.3 

95.2 
89.7 
75.2 
63.0 
T 

601 5.0  724 
602 
605 . .  

730 
729 

604 
605 

7 24 
724 

606 
607 8.0 728 

723 

608 
609 8.05 

730 

610 8.0 
726 

611 
729 

612 
724 

6l.S 
728 

614 
7 24 

616 15.0 
728 

616 15.06 
726 

617 15.0 
755 
726 

618 
619 

726 
727 
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o.ns 

. n 2  

.709 - 7l.3 

.712 

.709 
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1.155 
1.156 
1 .l% 
1.154 
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1.152 
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3.616 
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5.627 

.ms 1308 

.0116: 1454 

. o w  1538 

. O B  1623 
-0176  1698 
. o m  

1668 .014E 
1528 .0115 
1456 .OlOZ? 
u 7 3  .om1 
1238  -0068 
1603 

.0196 1893 

.0170 17E8 

.0242 1954 
,0068 l308 
. O m  1440 
.Oll1 1528 

.0172 1665 

.OUS 1636 
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""1 
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"" 
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"I 

" "- 
" 
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"" 
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.a 

.e 

.e 
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.e 

.e 
2.E 

i7 
KY 
i2 
13 
i7 
Q 
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622 

5.0 

-- --- 42.5 771 149s .oae 46.7 80.6  .716 .523  724 
--- ---- 47.3 719 1445 .crao5 38.6 80.9  .716 - 523 

625 
726 6 24 

----- ---- 10.8 687 1415 .Ol27 24.2 81.7 .72l ' --- ---- 48.9 671 1535  -0171  34.0 81.1  -720 -526 724 623 
.527 728 

--- ----I 82.5 529 12M) 0.00BB 16.5 81.4  0.716  0.523 731 

0.719 
.723 

. n 5  

.715 

.715 
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S.622 
3.614 

5.626 
3.592 

3.629 
5.612 
3.627 
3  -622 
1.140 
1.3.42 
1.148 
1.1M 

1.144 
1 . U 6  

1.14l 

. m d  .on3 

.0136 . O l Q  

.0171 

.02X .a286 

.0076 

.0066 

.a 
-0156 
.OM3 
.007 

.u 

.OIU 

.ole4 

.OUT 

. O W  

.m4 

626 5.0 
627 
628 

630 
629 

631 
632 
633 15.0 
634 
635 
636 
657 
638 
859 
640 
641 8 . 0  
642 
645 
644 
645  7.96 
646 8 .0  
647 

1s15 582 
1417 692 
1547 619 
1612 885 
1750 1022 
1802 1177 
!a44 1521 

1387 665 
1515 591 

1466 7S3 

lfoo 967 
1748 1018 
le30 1098 
1672 1142 
1250 52l 
1 U 2  664 
1506 772 
1710 981 

1905 1175 
1810 1084 

lS9E 1286 

1580 a46 

"- 
" 
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"" 

"" "- 
""I ""_" 
""" 

1"" 
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"" 
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_I 

"" 
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M o d e l  131 

81.6 

80.9 
81.1 
79.8 
60.6 
81.3 
80.5 

80.6 
1ZEU 
1375 
1545 
1655 
1765 
1915 
2070 
1285 
1c15 
1510 
1640 
1863 

2100 
1930 - . . -  

546 
651 

926 
815 

1OU 
l l 8 8  
us.¶ 
553 
681 
765 

1111 
913 

1204 
1368 - . .  

0.715 

I715 
.?E 
-715 
-708 
.713 

1.153 
-714 

1 . w 5  
1.135 
1.W7 
1 .lS7 
1.138 
1 . U 3  

6 51 
650 

655 
652 

654 
656 8 . 0  

657 
656 
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660 
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79.9 
79.6 

80.2 
32.6, 
39.3 
49.6 
54.0 
65.5 
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4 

722 
727 
728 

724 
728 

725 
725 

726 
726 

724 
731 
735 
755 
733 

733 
751 

733 
728 

2.644 

2.617 

2.635 
2.823 

1.558 
1.567 
1.564 
1.565 
1.562 
1.563 

1.558 

3.801 
5.6- 
3.616 
3.618 
3.596 
3.607 
3.616 
3.585 
3.593 
3.610 
2.134 
2.147 
2.142 
2.144 

2.141 
2.140 

2.137 
2.134 

TABLE 11. - ExpgRI"TAL, RBWLTS - Cmtlmed 

Run Collbua- Total- Colrbus- Mean Hean mal- Fuel C a a t u ~ k ~  N r  ? l a  Lir flav CaI lnMtor -  Ccmbustor- 
inlet 
t o t a l  

M e t  

*e. PI 

param- nure e m -  r t u r a  tm- ratlo, rats, VO~OCLW, d t  area, V, t o w  
t im pres- tlaa temper- ccmbus- & f lm  referame rate per rate, 

pressure, drop alenag, r u e  outlet t Wr Vr t~.Jb la/sea tempera- 

in. Hg T I  
P 

lb/(sec) 

aec. 4 t2 
:ziq % thratgh tamer- lb/hr it/sec 

(Eq ft) 

d t B  

rt, lb a" perotnt a" 
To 

AT P 
tor, 

OF in. as 
nodel 135 

862 
663 

5.0 728 
725 

670 
723 

-- - 76-0 E586 a10 -0269 48.4 80.1 .m .519 
15.0 669 

724 
-- --- 80.3 n s s  lsa5 . o m  38.7 80.4 .7ll -619 726 
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---- - 81.2 1028 1760  -0172 52.1 80-8 .71l 
667 

I----- - 82-5 928 1850 -0151 28.3 81.2 .sL9 .7l3 .5m 
732 
732 

866 
665 

--- - 84.7 705 14% -0108 20-2 80.4 
.E20 

.7l5 .5m . ---- -- 82.9 821 1650 -0131 24.6 80-8 .7l3 729 664 

-- --- 88-9 562 1290 0.0081 l5.2  80.7 0.713 0.520 

2.631 3.804 143.2 51.0 -0053 U86 482 108-8 - - 
720  2.638 3.614 143-1 64.2 .0087 1290 570 108.1 -- ---- 

871  727  2.638 3-6U 144.6 81.6 -0085 --- -- 104.0 888 1416 
672 
873 

727 2.638 3-614 144.6  104.2 .01W 1660 833 100.2 -- --- 
872 

722 2.624  3.695  142.8 121.7 -0128  1710 988 102-6 -- --- 
675  15.2 

725 2.638 3.614 144-2 146.3 .01% 1855 ll10 -- - 87.11 12E4 1980 .0178 169.0 142.3 3.612 2.637  728 
I--- -- 97.86 

682 

686 
087 
688 
689 

E81 
692' 

143 .o 
16.1 

145 -0 
145.0 

m a  

143.2 
143.9 
144.3 
140.8 
158.8 
143.7 

80.6 
813 
81.2 

80.8 
al .2  

81.1 
80.9 
80.3 

"" 

'1 131 
59.6 
83 .O 

108.6 

137.0 

181.8 

124.0 
90.0 

. .01u 

.0064 

-0090 

-0147 
.01m 
-0221 

1250 
SL65 
1270 
1442 

1650 

1444 

Model  13A 

722 5.0 730 0.520 0.712 
723 730 -519 -711 

80.8  17.3  0.0092  1285 565 

724  729 . 5ls 80.7 21.0 .0112 l420 690 

725 
.N 

728 -518 
80.6 26.5 -0142 1580 851 

.?.OS 
726 

80.3 28.8 .ox% l a 6  927  
723 

727  726 
.52l 
-521 

-714 
-73.4 

80.3  32.3 -0172  1780  1037 
60.6  38.8 -0236 1925 U S 9  

'Plus additlop PrimarP air- 
I 

80.6 
81.7 
Bo.4 

322 
322 
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Air flow 
rate, 

lb/seo 
wa 

amre, 

I I 1 - 1  I i i 
Model 13A - concluded - 

79.0 
80.9 
80.8 

80.7 
81.5 

96.2 
91.7 

91.7 
90.4 

90.4 
88.9 

108.1 
107.6 

107.5 
110.4 
112.5 
u 4 . 4  
111.6 

"I 

- 

~ 

"I 

"" 

"- 
" 

"I "- 
"" 

~ ~~~ ~~ ~~~ 

18.8 0.01w 1JK) 
2 l . 4  .0114 1435 
25.6 .0156 lSB0 

35.0 .0187 1830 
28.6 -0153 1655 

46.7 .a250 l 9 l O  
22.4 .0075 1290 
27.7 . m 2  1385 
57.2 .0125 1580 
42.8 .01W 1705 
48.6 .01SS 1810 
60.1 .Om1 2015 
53.7 .0069 1510 

102.2  .0140 1856 
68.2 .W92  1485 

101.5 -0107 1640 
66.0 -0087 lxxl 

u 4 . 7  .01= 1770 
112.9 -0119 1730 
L41 . : 
16.5 0.0087 1525 597 88.1 ---- ---- 
ls.2 1400 671  84.7 ---- -- 
25.1 .OlS5. 1830 904  89.0 ---- - 
32.2 .017l 1840 1117 88.9 --I ---- 28.3  .OX2 1730 1004 88.1 - -- 
34.8 .ole5 1915 ~28s 87.8 --- ----- 
52.7 . O m  2330 1401 71.6 -I- -I- 
17.5 .0095 1520 696 SS.7 -- 
20.2 .0108 1440 715 95.4 ---- ----- 
23.7 .0126 E40 812 92.3 - --1- 
34.1 .01& la80 us1  94.0 " ------- 27.7 .OlcB 1885 959 96.2 --- ---- 

" .. . . 

21.5 2% 1510 780 91.0 --- "- 

- 
812 

Bs1 
707 

1104 
930 

563 
656 
853 

1086 
981 

1290 
584 

1 l l 6  
765 

592 
912 
1038 
998 

"" 

- 

728 
728 
729 

726 
725 

726 
727 
729 
727 
724 
725 
725 
726 

719 
720 

718 
728 
732 
732 

0.520 
.520 

.519 

.52l 

.519 

.519 . a0 

.628 - 827 
-828 
.a28 
.828 

2.143 
2.053 
2.02s 
2.715 
2.827 
2.6M 
2.624 

0.712 

.7l3 

.711 

.711 
-711 

l . lS7  
1.155 
1 .lss 
1.l35 
1.155 
1.156 
2.936 
2.812 
2.771 

3.599 

3.595 
3.m9 

. n 2  

3 . ~ 1 9  

48.8 
47.7 u .4 
43.2 
42.7 
42.7 

81.0 
80.4 
80.4 

Uoda 

T 
- 
0.522 
.518 
.517 T 1 747 

749 
748 

753 
751 
752 
76s  730  -521  .715  81.0 

729 .522  .715 81.1 
724 -519 . 7 u  80.1 
727 .5l9 -711 80.4 
72a .521  .714  80.9 
726 .as .n1 80.3 
729 .m .712  80.7 

728 
729 

726 
n o  

0.715 
.709 
.708 . hl4 

Hade 
760 5.0 724 
761  732 -711 81.0 

0.520 0.713 ' 80.3 
.619 

762 724 
763 724 

.52l  

.517 
.714  60.4 
.709  79.8 

1 1  
7 ,.o080 

2% 
.Wf5 
.ma0 

.0121 

.0155 

.ol35 

.0172 

.0067 

.W82 

.on3 
-0089 
.Ol31 
.0166 
. m 2  
. a 6  .mas 
.0115 
.m93 

. OW8 

.0172 

.oa2 

.0086 

.ma6 

.OlW 

. O l U  

. 0 4 7  

.Ol69 

.OH7 

Mode 

14s .9  
143.8 

144.S 
143.3 
145.0 
145.0 
145.0 
143.8 
144.0 
143.6 
144.5 
144.9 
81.2 

80.6 
81 - 4  

144.5 

80.2 

80.8 
80.1 

80.0 
80.2 
80.7 
80.3 
80.0 
79 .8 

80.1 
79.4 

60.1 
79 .9 

80.3 

.a. . .. 
C 

- 

- 
si60 
1320 
1440 
1570 
1560 
1695 
1780 
1905 

1235 
2056 

1390 
16so 
u50 
1590 
le00 
1570 
llso 
I325 
1400 

1705 
1550 

1920 
2120 
1280 
1440 
1550 

1805 
Is15 

19x) 
2106 

- 
440 
600 
720 

855 
845 

970 
1055 
ll79 ulo 
518 
665 

821 
905 

859 
1069 

452 
644 

594 
676 
820 

1186 
981 

lS90 
554 

825 
771 

1077 
9 2 1  

1222 
1375 

58 .O 
72.1 
86.2 

98.9 
98.7 

25.6  
.28.9 
.45.8 
83.6 
64.2 

.08.0 
78.3 

18.7 
24.6 
51.0 

19.8 
78.1 

24.7 

34.0 
27.9 

41.3 
51.6 
63.4 
5 7 . 2  
48.1 

64.0 
58.5 

89 .o 
76.7 

04.5 

720 
720 
720 

725 
725 

725 
725 
7-26 
725 rn 
725 
725 
729 
731 
-hl 
728 
728 
731 
724 
730 
724 
724 
730 

729 
726 

724 
725 

728 
728 
750 

2.660 
2.652 
2.658 
2.625 
2.651 

2.651 
2.661 

2.651 
Q. 638 
2.660 
2.644 
2.652 

.52s 

.522 

2.641 
.517 

. 820 . a0 

.832 

.a32 

.651 

.833 

1.582 
.a31 

1.W 
1.556 
1.55C 
1.555 
1.551 
1.550 

3.630 
3.655 
3 . 6 U  
3.596 
5.631 
3.631 
3.631 

5 .614 
5.604 

5.630 
3.622 
5.655 

.718 

.715 

3.818 
.709 

1.137 
1.152 
1 .la 
1.14l 
1.159 
1.142 
1.139 
2.1M 
2.123 

2.12s 
2.152 

2.150 
2.125 
2.123 

102.2 --- 91.8 --- 
104.0 -- 
106.6 -- 
106.0 -- 
106.8 -- 
105.1 --- 
104.5 -- 
lO5.0 --- 
97.8 --- 

104.6 -- 
108.1 --- 
80.9 --- 
87.2 -- 

101.4 ---- 87.4 I- 

86.6 ---- 
92.3 -- 
94.4 " 
95.4 ---- 
9  3 

107.0 -- 92.0 -- 
107.3 ---- 
107.5 --- 
106.5 ---- 
106.0 --- 
104.9 --- 
102.2 ---- 

9 k 3  --- --- 

768 
769 
770 
771 

1775 
772 

,774 
'775 
'776 5.0 
,777 
'778 
'779 15.0 
780 8.0 
781 
782 

. .- 

783 
784 

786 
787 15.0 
788 
789 
790 
791 
792 
795 

785 
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h 

0 Thermocouple 
o Total-pressure rake . 

J LStatic-pressure orifice 
Stream-atatic probe 

(a) Inlet thermooouple ( i ron  conatantan),inlet total-preseure  rakes, 
and stream static probe in plane a t  mot ion  1. 

(b) Outlet thermocouples  (chromel-alumel) in plane a t  statLon 2. 

Figure-2. - Locations of inatrumentation. 



. . .. 

I 

LEBZ 

.. . 

. .  



I r* 
32.75 I 

L 

f 
4 

1; 
rt 

5.5f 

"_ 

b-22.75 "I 

.) 

ul 

i 
I 6.3 

I 1.7 

v 
CD-2852 

. .  . . . . . . . . . .  

I 

LEBZ 
. .  



7 
16 -4-4- I 
" 

- 
- 

. . . . . . . . . . . 



26 - NACA RE4 E53BO4 

/ Primary-air-entry hole8 

. 

Assembly 
3 

Radiation  shield 

3 

Figure 6. - One-quarter sector of male114 annuhr combustor showing ir 

air  entry and radiat ion shield modification. - 
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Seatian A-A 

Seotion B-B CD- 2993 
Figure 8.  - Dual fuel manifold f o r  one-quarter seator acsnbuetor. 
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(a) standard injector. 

(g) Sharpedge orif'ice injector. 

(f) Shorter radlal fan injector. 

CD-2992 

(h) Sbarp-edge orifice injector with swirl. 

Figure 9. - Crose-aectional v l e w  of fuel injectore. 
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NACA RM E53B04 31 

Figure ll. - Reproducibility of comibustor-otrtlet temperature  proffle 
with canibustor 138. Cornpaxison of data recorded at beg" and 
new  conclusion of investigation reported herein. Fuel  injectare: 
30-gallop-per-hourI 70° swirl-type atomizers. 
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. .  . ~. . .  . . . ., 

plgure 12. - Ccplbustim effloiencies fl m o d a l  13 ocrmbustor with vari?ua fuel injaotors 
a t  t e s t  oondltion C. Ccqariega of data from agperrbix. 

Fuel-air r a t i o  

Figure 15. - Cqazlsm of effioiency of adel 131 ombustor dtb that of 
model 15A a t  test oondi t icm C. 
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14. - C c r m b u s t i o n  afPla lenoy of model 14I o m b u t o r  4t  lw pressures. 
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0 
A 
V - - - - Data from investigation  reported , 

Tailed synibols indicate  efficiency 
in ref 1 - 
corrected for  mass flow distribu- 
t ion at conibustor outlet 70 I I I I I I 

80 120 160 200 2ao 280 32ox10-6 
Cambustion pammter,  Vr/pITi (it, lb, sec, unlts) 
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SO, 000 

80,000 

70,000 

60,000 

50,000 f %ncorrected ,value 
70 80 90 100  110 

Percent rated speed 

Figure 1 7 .  - Est imated   a l t i tude   f l igh t   per formance  of model 141 
combustor In 5.2 pressure   ra t io   engine  at flight Mach number 0.6. 
Ef f ic ienc ies   cor rec ted   for  mass-flow d i s t r ibu t ion   excep t   fo r  
s ingle   value  noted.  

5 
rl 
0 
d 
k4J fuc 
(u0) 

S B  
s 

0 100 

d a  
+, 

P 

u SO 
.006 .008 .012 .014 .016 .018 .om 

Fue l -a i r   r a t io  

Figure 18. - Combustion e f f ic iency  of model 141 combustor at  two a i r  
f low r a t e s .  
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Dietance along turbine bh&, in. 
(a) Mod.ele  141 and =A. 

Figure 19. - Coaibustorloutlet radial tenperatme profiles. 
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figure 22. - Colnbuation efficiency of model14K ccaabustor at test condition C. 
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